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concrete. After a selected delay, during which time a new equilibrium is reestablished, the steady-state response to the applied perturbation is measured. For example, with galv.anostatic LPR, a smal! current perturbation lap is applIed to steel embedded III concrete and the resufting change in electrochemical potential D..Vmax is measured. From lqpp and D..Vmax' the polarization resistance R p can be found. in many cases, it has been found that as long as the maximum deviation, D.. Vmax from the equilibrium potential is less than 30 mV, the rate of corrosion is inversely proportional to Rp" An alternative way of taking LPR measurements giving sirrular results is the potentiostatic technique, where a small potential perturbation E app is applied and the resulting response of the current M is measured.
Although the LPR method has significant advantages compared with potential mapping and offers a means of directly evaluating the ongoing rate of corrosion, there are some drawbacks and errors inherent with this approach, using either the galvanostatic or potentiostatic method. The polarization resistance is measured from the surface of the concrete and not the surface of the steel reinforcement; thus, it contains an ohmic resistance component R n that can be related to the concrete cover zone. This concrete resistance must be independently measured and subtracted from the overall polarization resistance R p ' measured from the concrete surface to give the charge transfer resistance Ref on the surface of the steel bar. Even when compensated for the effect of the concrete resistance, the polarization resistance measurement may contain other resistance components not directly related to the corrosion activity on the surface of the steel. For example, there may be slow diffusion effects or fast surface skin effects that are contributing to the polarization resistance measurement but that cannot be separated from it and are not directly related to the rate of corrosion. The selection of too short a delay time at which to take the measurement, where a new equilibrium has not been fully established, can also cause significant errors.
An alternative electrochemical technique, which gives considerably more information about the different resistance components and the associated capacitance, is the AC impedance technique. 4 ,5 Instead of applying a DC perturbation to the steel reinforcement, an AC voltage perturbation is applied over a wide range of frequencies, typically from 1 kHz down to 10 mHz. From a measurement of the current response and the phase shift, a complex impedance can be found for each measurement frequency. The AC impedance
INTRODUCTION
Corrosion of reinforcing steel is one of the principal problems facing owners of reinforced concrete structures. The assessment of the rate of corrosion of reinforcement beneath the concrete surface, before corrosion staining and cracking is seen, can be used to develop a cost-effective maintenance and remediation strategy.
Electrochemical techniques can provide viable methods for assessing the corrosion rate of steel in concrete without removing the concrete cover. The difficulty of accurately and rapidly assessing corrosion severity of steel embedded into concrete, however, has remained a problem for the civil engineering industry, although a number of techniques for evaluating reinforcement corrosion have been developed.
Half-cell potential mapping has been used extensively to locate reinforcement corrosion activity from the surface of concrete. The electrochemical potential of steel relative to a stable reference half-cell, measured from the surface of the concrete, can be related to the probability of corrosion occurring. Measurement methodology and guidance for interpretation is given in ASTM C876. 1 This method, however, indicates only the location and possibility of corrosion activity but gives no information on the rate of corrosion occurring.
The linear polarization resistance (LPR) technique 2 ,3 appears attractive as a means of directly measuring the corrosion rate of steel in concrete in the laboratory. A stepped DC perturbation can be applied to the corrosion equilibrium of the steel reinforcement from the surface of the 6 ,7 A small current perturbation is applied to a reinforcing bar using an auxiliary electrode on the surface of the concrete in a similar manner to w~en taking a galvanostatic LPR measurement. The resulting tranSIent response of the electrochemical potential is then monitored with respect to a surface-mounted reference electrode. From an analysis of the transient response, it is possible to build up a resistor/capacitance analogy for the electrochemical processes from which an accurate corrosion rate of the reinforcing steel can be determined.
The focus of this paper is to evaluate the galvanostatic pulse transient technique for measuring reinforcement corrosion and to compare it with the more conventional linear polarization resistance (LPR) method.
RESEARCH SIGNIFICANCE
Considerable effort has been invested in research and development over the past two decades to measure corrosion of steel bars in reinforced concrete. A satisfactory technique, however, is not yet available. The galvanostatic pulse transient response technique, which is a relatively new development, has shown some promise in determining corrosion rate of steel in concrete both in the laboratory and in the field. This technique, however, is less well known in the civil engineering community than other electrochemical techniques and there are a number of pitfalls to be avoided in carrying out field measurements.
This paper provides guidance on the use of the galvanostatic pulse transient technique to measure reinforcement corrosion rate in concrete and for the interpretation of corrosion rate data.
EXPERIMENTAL PROCEDURE Galvanostatic pulse transient analysis
For these experiments, a three-electrode measurement system was employed, as shown Fig. 1 . A perturbative current was applied to embedded steel test bars using a 5.9 x 3.94 in. (150 x 100 mm) brass plate auxiliary electrode connected to the surface of the concrete using a damp sponge. The transient potential of each steel bar was measured against a central reference electrode (silver/silver chloride) also in contact with the concrete surface via a damp foam interface. A battery-powered, constant current source was developed in-house and used to apply the current perturbation. This current source enabled the selection of a stable current perturbation of 1.0 mA, 0.1 mA, or 0.01 mA to be applied. The resulting transient electrochemical potential response was monitored using a 16-bit data acquisition facility, as shown in Fig. 2 . A current pulse with duration of either 30, 90, or 180 seconds was selected and a sampling rate of 1 kHz was used to collect the electrochemical potential response data. This high sampling rate allowed any response components with small time constants to be easily resolved.
A current perturbation was selected to try and give an initial electrochemical potential shift of 10 to 30 mV, which would fall within the linear region described by StemGeary.8 Thus, initial tests were always conducted using the smallest available (0.01 mA) current pulse. If this did not perturb the system sufficiently, the steel bar was allowed to re-equilibrate and the current was increased as required to achieve the desired potential shift. All tests undertaken on actively corroding steel samples in this study fell into this linear region. Most of the tests conducted on passive steel bar, however, resulted in a potential shift larger than that contained within the linear Stem-Geary region, even when using the smallest available pulse of 0.01 mA. This may result in some inaccuracies in the resolution of the components o.f t~e transient, but the effect of this was not expected to be SIgnificant when converted to corrosion rates. Thus, the effect of an inaccuracy in measuring a corrosion rate that is extremely small is unlikely to be important.
The transient electrochemical potential response data collected were analyzed to obtain an equivalent electronic circuit,9 as shown in Fig. 3 . Using the simple three-component Randles circuit as shown at time t, the transient potential response VI to a current perturbation I is given by In this circuit, R n represents the ohmic resistance of the concrete cover between the surface electrode and the steel bar. C dl represents a double-layer capacitance at the surface of the steel bar, and ReI represents the corrosion charge transfer resistance at the surface of the steel bar. The rate of transfer of iron across the corrosion interface on the surface of the steel bar into ferrous or ferric ions is the instantaneous rate of corrosion and is inversely proportional to ReI' After a suitable equilibration time, the transient response reaches a steady-state potential Vmap where Thus, plotting In(Vmax -VI) against t gives a linear graph with a slope of lIRelC dl and an intercept on the vertical axis of In(IR el ). Hence, it is possible to evaluate both ReI and C dl from the transient response. However, reinforcing steel in concrete is often more complicated than the simple model shown of a single parallel resistor-capacitor pair, and experimental results from a corroding system may be better modeled as a series of resistor-capacitor parallel components. In a more complex system, with several pairs of resistive and capacitive components linked together in series, there will be a number of linear sections on the graph of a plot of In (Vmax-VI) against t corresponding to each resistor-capacitor pair. This is shown schematically for three resistor-capacitor pairs in Fig. 4 . Where the larger values of R 1 and C 1 dominated the response, a linear fit to the data gave IR 1 and R 1C I' The influence of R 1 and Cj was then subtracted from the data to leave a linear section as a result of the dominant remaining R, C components. Thus, the separated components can be resolved by extracting each successive section, and the resistance and capacitance can be determined for each component, as shown in Fig. 4 and 5. Knowledge of the resistance and capacitance enables the time constant for those components to be calculated as the product of ReI and
Each component of the system may be associated with a different process occurring within the system. Some of these components will be associated with the corrosion process, whereas others may be associated with other phenomena such as ionic diffusion effects within the concrete or the dielectric properties of the environment. The values found for capacitance and the size of the time constant may be used to decide which of the associated resistances can be attributed to the interfacial corrosion process and which can be discarded. The ohmic component of the resistance due to the concrete cover zone may also be evaluated from the initial potential shift at time zero, that is, instantaneously as the current is switched on. Thus, a corrosion rate can be calculated using Eq. (4) from the charge transfer resistance R determined from summing each of the individual resis-
tances associated with the corrOSIOn process to gIve an overall resistance, but omitting all other spurious resistances.
To investigate this technique, transient galvanostatic pulse measurements were conducted on three separate concrete test slabs. Each slab had been previously located outdoors in a UK coastal urban marine environment for 7 to 12 years and continued to be exposed to ambient temperature fluctuations and rainfall during the observation period. Slab 1 contained two embedded mild steel bars and two stainless steel bars at a cover of 0.98 in. (25 mm), denoted MSl, MS2, SSI, and SS2 respectively. Slab 2 contained two similar mild steel bars, denoted MS3 and MS4, at a cover of 1.57 in. (40 mm). Slab 3 had two similar mild steel bars, denoted MS5 and MS6, also at a cover of 1.57 in. (40 mm). All of the test bars were 0.39 in. (10 mm) in diameter and 3.94 in. (100 mm) long and were plain round bars retaining the original millscale. Each test bar was electrically isolated from all other reinforcing steel bars so that any corrosion measurement was taken upon a surface area of bar that was rredetermined. The surface area of each test bar was 4.87 in. (31.42 cm 2). These three test slabs enabled measurements to be carried out on mild steel bars, each with a different extent of corrosion and each exhibiting a different range of corrosion rates. The stainless steel bars also provided examples of measurements on a passive system. The slabs containing Bars MS 1-4 and SSl-2 were cast using the normal concrete with a mean compressive cube strength of 6670 psi (46 MPa). The slab containing Bars MS5 and MS6 was made using normal concrete with a mean compressive cube strength of 5800 psi (40 MPa). The MS 1 and SS 1 test bars in Slab 1, together with test Bar MS3 (Slab 2) and test Bar MS5 (Slab 3), were embedded in chloride-contaminated concrete (5% NaCl by weight of cement added to the concrete mixture) to promote corrosion. Linear polarization resistance measurement Linear polarization resistance (LPR) measurements were conducted on the same test bars using both the potentiostatic and galvanostatic technique, using the same surface auxiliary and reference electrodes used with the galvanostatic pulse transient method (Fig. 1) . When taking potentiostatic LPR measurements, the test bar steel was polarized instantaneously to 10 m V (~in a positive direction from the rest potential, and the current was allowed to equilibrate for a selected period of time-that is, 30, 90, and 180 seconds. At the end of this equilibrium period, the resulting current response M was measured. The polarization resistance R p was calculated using the following equation
The measurement was then immediately repeated by polarizing the steel in a negative direction to determine R p again. A mean value for R p was then used.
It is necessary, however, to compensate R p for the solution resistance R n , that is, the resistance of the concrete cover zone, by measuring R n independently and subtracting this value from the uncompensated R p . The magnitude of R n was first determined by taking a 300 Hz AC resistance measurement before the LPR measurement. The charge transfer resistance Ref at the surface of the steel bar controls the rate of corrosion current leorn which may be calculated as where i eorr is the corrosion current density; A is the surface area of the steel being polarized; and B is the Stem-Geary constant, which is normally assumed to be 25 mV for actively corrodin¥ steel in concrete lO and 50 mV for a more passive situation. 1 The alternative galvanostatic LPR technique was also used in this study. A small current perturbation M was applied to the reinforcing steel and the resulting change in electrochemical potential !:ill (Vmax) was then measured after a new equilibrium was established. The charge transfer resistance Ref and corrosion rate i eorr were calculated in the same way using Eq. (3) to (5) . Ref was again taken as the mean value from measurements taken using both a positive and a negative perturbation.
Typical polarization resistances and corrosion rates for steel in concrete are shown in Table 1 . 12 Figure 5 shows a typical transient response of the electrochemical potential to the applied current (0.01 mA) perturbation for both an active and passive system. It can be seen from Fig. 5 that the observed potential transients had a noticeably different characteristic shape with time depending on whether an active or a passive system was being investigated. The initial instantaneous rise observed occurred as a result of
EXPERIMENTAL RESULTS
It can be seen from Eq. (2) that a plot of In(Vmax-V f ) against t will give a linear graph with a slope of lIR ef C dl and intercept In(IR ef ), as shown in Fig. 4 .
In this study, an analysis of the electrochemical potential transient response enabled between two to four separate parallel resistor-capacitor components to be resolved for each of the systems measured, and these results are given in Tables 2 to 5 . A comparison of corrosion rates evaluated from the galvanostatic pulse transient and LPR measurements are presented in Table 6 . Based on the magnitude of the corrosion rate i eorr in Table 1 , MSl, MS2, MS3, and MS5 can be classified as actively corroding steel with a high or moderate corrosion rate. With the exception of MS2, these were the bars all located in salt-contaminated concrete. MS4, MS6, SSI, and SS2 can be also categorized as passive steel from the LPR results and this is consistent with the placement in uncontaminated concrete or the use of stainless steel. The capacitance components for all bars monitored in this study increased as the corrosion rate increased, as shown in Tables 2  to 4 . For the active systems monitored, the capacitances were observed to be between 1.0 IlF/cm2 (6.45 IlF/in.2) < C < 9540 IlF/cm2 (61,533 IlF/in.2), and for a passive system, the capacitances were observed to be between 1.0 2 IlF/cm2
DISCUSSION

Determination of corrosion rate icorr from obtained transient data
The galvanostatic pulse transient potential method has an advantage of enabling separate resistive and capacitive components of reinforcing steel in concrete to be resolved. It indicates that this technique can give significantly more information than a DC LPR measurement for the corrosion process of steel in concrete and can increase the accuracy of the corrosion rate determined using this method over the LPR method. From an examination of the magnitude of the separate resistance and capacitance components, it was considered that all the measured components of the system may not be associated with the corrosion process occurring within the system. There may also be some of these components associated with other phenomena such as ionic diffusion effects within the concrete or the dielectric properties of the environment. The values of each capacitance evaluated may be inspected to decide which of the associated resistances can be attributed to the interfacial corrosion process, in a similar manner to that used with AC impedance. It is difficult, however, to confidently select which resistive components (related to the corrosion process) should be included in the evaluation of the polarization resistance Ref factor such as the time constant is needed to associate the separate resistance components to either corrosion actively or some other process. Tables 2 to 4 show the variation of resistances and capacitances in the separated components for all bars monitored when taking the transient measurements using each of the available pulse durations, that is, 30, 90, and 180 seconds. For the actively corroding steel (MSl, MS2, MS3, and MS5), it can be seen that the values of capacitance increased significantly with increasing measurement time; but the resistance components were not significantly influenced. In particular, the C 1 capacitance component associated with the resistance R I for all actively corroding bars (MS1, MS2, MS3, and MS5) has a high capacitance (greater than 1000 flF/cm2 [6450 flF/in.2]), which is more likely attributable to a ionic diffusion effect within the bulk concrete, but excepting Bars MS 1 and MS2 for the measurement time of 30 seconds and MS2 for 90 seconds. It can be also seen that all resistive components associated with hi~h capacitance values greater than 1000 flF/cm2 (6450 flF/in. ) have slow time constants of magnitude greater than 10 seconds, as shown in Tables 2 to 4 .
Whereas the capacitance measured from passive steel was always less than 163 flF/cm2 (l05i flF/in.2), and was not sensitive to the selection of measurement time, the resistance R 1 increased significantly with increasing measurement time. It is thought that the very slow corrosion process of passive steel is controlled by components associated with much longer time constants.
In a senes of expenments to lllvestIgate this Issue further, a galvanostatic pulse transient measurement was carried out on test Bars MS5 (actively corroding steel) and MS6 (passive steel) with the auxiliary/reference electrode assembly positioned at different lateral distances away from the bar along the surface of the slab. The reasoning behind this was that the part of the response related to the steel and concrete corrosion interface should remain constant, whereas the part of the response related to the concrete cover zone should increase in magnitude as the auxiliary/reference electrode assembly is moved away from the bar. Thus, it should be feasible to clearly identify which components of the equivalent electronic circuit are associated with the corrosion process. The results are summarized in Table 5 and Fig. 6 . As shown in Table 5 (a) and Fig. 6(a) , the results for an actively corroding steel bar (MS5) can be used as a good guide to which resistances obtained from the galvanostatic pulse transient technique may be associated with a corrosion process. The resistance of the concrete cover zone RD. increases as expected, as the lateral distance from the bar is increased because there is more concrete between the bar and the reference electrode. It can be also seen that the resistance R I increases as the lateral distance to the bar is increased, and this resistance is always associated with a high capacitance (greater than 1000~/cm2 [6450 J..IF/in. 2 ]). The resistances R 2 to R 4 , however, remain relatively constant as the lateral distance from the bar is increased. Table 5 (b) shows different results for a passive steel bar (MS6). The resistance of the concrete cover zone, RD., again increases as the lateral distance from the bar is increased, but all resistances (R I to R 4 ) stay constant with increasing lateral distance of the measurement away from the bar. This observation indicates that these resistances can all be related to the corrosion process, as shown in Fig. 6(b) .
From the aforementioned results, it was inferred that the resistive components associated with high capacitances (greater than 1000 J..IF/cm2 [6450~/in.2]) could be attributable to a bulk ionic diffusion effect within the concrete that was not related directly to the instantaneous rate of corrosion and should be discounted in the evaluation of the charge transfer resistance R e /. Table 6 shows the results of corrosion rates first calculated by summing of all of the separate resistance components, IR/ o / al ' and then subsequently calculated from the removal of the resistive components associated both with high capacitances greater than 1000 J..IF/cm 2 (6450 I-lF/in. 2 ) and with slow time constants greater than 10 seconds, IR e /. Exclusion of the resistive components with high capacitances and slow time constants increased the evaluation of the magnitude of the corrosion rate by a factor of up to 3.2. It can be also seen that the differences between IR/ o / al and IRe/ for actively corroding steel increased with increasing pulse duration. This is attributed to significant increases in the resistive components associated with high capacitance values greater than 1000 I-lF/cm 2 (6450 I-lF/in. 2 ).
Comparison of corrosion rates calculated from galvanostatic pulse transient response and from LPR measurement
As an alternative to the galvanostatic pulse transient technique (dynamic potential response measurements), potentiostatic and galvanostatic LPR measurements were also taken on the same specimens during the same 24-hour observation period. It was not expected the corrosion rates would fluctuate significantly in the I-day time interval between collecting the LPR and galvanostatic transient response data. To minimize any fluctuation in the actual corrosion rate on subsequent days being influenced by changes in the climatic parameters (temperature and relative humidity), the corrosion rate measurements using each technique were all taken under the same conditions of temperature and relative humidity. The results are summarized in Table 6 . To enable a direct comparison between the two techniques (transient technique and LPR method), the first set of corrosion rates had been calculated incorporating all resistor-capacitor pairs where the capacitance is greater than 1.0 J..IF/cm 2 (6.45 I-lF/in. 2 ), giving IR lOla [. This is directly comparable to the corrosion rate, which would be expected to be measured when using either For the actively corroding steel bar, it can be seen from Table 6 and Fig. 7 that the corrosion rates calculated using all resistive components, IRlolal in the galvanostatic pulse transient measurements were quite similar to those evaluated from using galvanostatic LPR measurements. However, the corrosion rates obtained using IR el , which was calculated '''iRel = summation of resistances with associated capacitances from I to 1000 J-LAlcm 2 and with slow time constants greater than 10 seconds, which are deemed to be directly associated with corrosion.
discounting the resistive components associated with high capacitances greater than 1000 /.IF/cm 2 (6450 /.IF/in. 2 ) and slow time constants greater than 10 seconds, were significantly higher than those obtained using either the galvanostatic or the potentiostatic LPR measurements. The differences in the evaluation of the corrosion rate were more evident for potentiostatic LPR measurements than galvanostatic LPR measurements, as shown in Fig. 6 . These differences increased up to a factor of 6 with increasing the measurement time. This is thought to be due to significant increases in the resistive components of such high capacitances, which should be omitted when increasing the measurement time.
It is common practice to select a 30-second equilibrium time for conventional LPR tests to discount any slow transient processes unrelated to corrosion. Some of the diffusion resistive components with high capacitances greater than 1000 /.IF/cm 2 revealed from the transient data had time constants in the range of 30 seconds or less. Therefore, the resistive components that were not associated with the corrosion process could mistakenly be included in the evaluation of corrosion rates using the LPR measurement technique.
It can be also seen from Table 6 that there are different results for a passive steel bar. Although the corrosion rates calculated using both IRlolal and IR el in the transient measurements were the same, they were higher than those evaluated from using LPR measurements. The differences increased by up to a factor of 5.2 with increasing measurement time. It is thought that these differences could be attributed to practical limitations in the galvanostatic pulse instrumentation where the use of the lowest available pulse (0.01 mA) induced a potential shift of 100 mV or more, which lay well outside the linear Stem-Geary region. The corrosion rate data from both techniques nevertheless, however, showed those bars to be in a passive state. For comparison of galvanostatic and potentiostatic LPR measurements, the corrosion rates evaluated from galvanostatic LPR measurements were observed to be slightly higher than those evaluated from potentiostatic LPR measurements, but the differences were not significant.
CONCLUSIONS I.
The results from this study show that the galvanostatic pulse transient technique enables the separate components of the polarization resistance to be resolved; 2. The resistive components associated with high capacitances greater than 1000 /.IF/cm 2 (6450 /.lFlin.2) and slow time constants greater than 10 seconds could be attributable to a bulk ionic diffusion effect within the concrete and should be discounted in the evaluation of the polarization resistance ReI; 3. From a comparison of two techniques between LPR and galvanostatic pulse transient measurement, the corrosion rates calculated using all resistive components, IRlolal from the transient measurements are similar to those evaluated from using galvanostatic LPR measurements; 4. However, the corrosion rates obtained using IR et are significantly higher than those obtained using the LPR measurements for the actively corroding steel. These differences increased up to a factor of 6 with increasing the measurement time;
5. The differences in the evaluation of the corrosion rate from two techniques are more evident for potentiostatic LPR measurements; and 6. Overall, the results show that the galvanostatic pulse transient technique offers significant advantages over either potentiostatic or galvanostatic LPR and provides a more conservative evaluation of the ongoing rate of corrosion.
